The mechanism of secondary hardening in MP35N (Co-35Ni-20Cr-10Mo) alloy due to exposures at elevated temperatures has been studied. It was observed that short exposure to elevated temperatures increased the ultimate tensile strength and yield stress while decreasing the elongation of MP35N wires. Upon aging at temperatures from 300 to 900°C the elastic modulus increased although no changes in crystallographic orientation or microstructure were observed. The grain size and major texture components were unchanged following aging. Analytical scanning transmission electron microscope investigation showed that MP35N is hardened by preferential segregation of molybdenum to stacking faults and deformation twins. It also revealed that the concentration of molybdenum segregation was proportional to the amount of initial cold work before aging.
Introduction
MP35N (Co-35Ni-20Cr-10Mo) is a Co-based superalloy developed as a family of Co-Ni-based alloys in 1968 by Smith [1] as part of a family of single-phase c Co-based alloys that are commonly used in the medical device industry. High strength, fatigue and corrosion resistance, and biocompatibility [2] [3] [4] make MP35N an ideal material for conductor coils and cables in cardiac pacing and neurostimulation leads. For medical device applications, MP35N wires go through numerous processing steps starting from cold-drawn wire. The majority of secondary and tertiary manufacturing processes, including polymer insulation coating, wire coiling and cabling occur at elevated temperatures for durations of seconds to minutes. These hightemperature exposures have significant effects on the mechanical and elastic properties of MP35N wire.
Shortly after the development of MP35N it was discovered that cold work increased the yield strength of this alloy by up to a factor of five. Initial studies suggested that this is due to the presence of thin platelets with a hexagonal structure [5] . Electron diffraction experiments suggested that the platelets should have an orientation relationship with the matrix of f1 1 1g fcc kf0 0 0 1g hcp and ½1 1 0 fcc kf1 1 2 0g hcp [5] . Since multiphase alloys with Co:Ni ratios greater than 45:25 were reported to strengthen the material by the formation of stress-induced hexagonal martensite (e phase) plates [5] [6] [7] , formation of hexagonal platelets in MP35N is somewhat expected. However, further investigations showed the platelets formed following plastic deformation in MP35N to be deformation twins [7] . While there are some reports on the strengthening mechanism of MP35N following aging, the conclusions have been controversial with hypotheses ranging from precipitation of Co 3-Mo phase [6] , solute partitioning to hexagonal closepacked (hcp) martensite plates [8] , to segregation of solute atoms to stacking faults and the nucleation and growth of hcp martensite [9] . More recent studies also suggested that the plate-like features in MP35N are deformation twins and stacking faults [10] [11] [12] and not hcp phases.
Here we present a detailed experimental study using a variety of analytical techniques, including atomic-resolution imaging and spectroscopy, showing how the mechanical properties of MP35N rod and fine wire can be changed by brief exposures to elevated temperatures. The mechanisms for the observed changes are also discussed. It was observed that Mo segregates at stacking faults and twins when MP35N is exposed to elevated temperatures. The finding is correlated with mechanical test data showing that the material strengthens and the elastic modulus increases upon aging.
Experimental
MP35N rod and wire samples were obtained from Accellent (Salem, PA) and Fort Wayne Metals (Fort Wayne, IN) with varying amounts of prior cold work. Table 1 lists the samples used for this study and their sample designations. The chemical composition of each sample is given in Table 2 .
All aging treatments of the samples were performed using a muffle furnace in an air atmosphere. Samples of rodstock were aged at 600°C for 30 min. Wire samples were heat treated at temperatures ranging from 300 to 1000°C for 60 s. Following the aging treatment the samples were removed from the furnace and allowed to cool in air. The aging time and temperatures were chosen to represent fine wire processing parameters or were based on results of previous reports [9] .
Wire samples were cut to 30.5 cm lengths and tension tested using an MTS QTest 5 load frame with a 250 N load cell. Strain was measured using an MTS LX500 laser extensometer. All samples were pulled with a 25.4 cm gage length with a crosshead speed of 0.02 cm s À1 . Electron backscatter diffraction (EBSD) experiments were performed on a Zeiss Ultra Plus field emission scanning electron microscope equipped with an EDAX OIM system for analysis. EBSD experiments were performed on three separate wire sections from each heat-treatment and cold-work condition to ensure a statistical sampling. EBSD specimens were prepared by mounting specimens in the transverse direction using ProbeMet conductive mounting compound. All samples were mechanically polished using a Buehler EcoMet/AutoMet 250 polisher followed by a vibratory polish using a Buehler Vibromet 2 polisher to remove any residual surface strains [13] .
Conventional and analytical transmission electron microscopy (TEM) was performed using an FEI Tecnai G 2 F30 Schottky field-emission gun microscope operating at 300 kV, equipped with an EDAX X-ray detector and a Gatan electron energy loss spectrometer [14] . TEM samples from the wires were prepared using both FEI Versa and FEI Quanta 3D dual-beam focused ion beam millers equipped with an in situ Omniprobe micro-manipulator for lift out. Samples from rods were prepared by twin-jet electropolishing (using a Fischione model 110 twin-jet electropolisher) at 10 V and 25°C after being machined to 2.9 mm diameter rods from which 150 lm thick disks were cut (using a Buehler IsoMet Low Speed precision saw) that were ground to thicknesses ranging from 60 to 80 lm.
Results

Mechanical testing
The results of the uniaxial tension tests on as-drawn and aged MP35N wires, presented in Fig. 1a , showed a visible increase in yield strength with an increase of aging temperature. Both sample A with 37% and sample B with 60% cold work, aged at 700°C, reached the maximum yield strengths of about 2045 and 2602 MPa, respectively. However, when the aging temperature was increased above 700°C, a rapid decrease in yield strengths was also observed. The values of the fracture strain were also measured for these aging conditions (Fig. 1b) , and were found to decrease as the aging temperature increased. Interestingly, the elongation in 37% and 60% cold-worked wires continued decreasing even when yield stress began to decrease at aging temperatures above 700°C.
For these tensile experiments, reduction in area (RA) measurements were also conducted. Figs. 2 and 3 show representative SEM images of fractured wires, and a summary of the RA values is shown in Fig. 4 . Wires of sample A (37% prior cold work) were found to have an average RA value of about 42% in the as-drawn condition. For this sample, as the aging temperature increased, average RA values decreased with a minimum average of 26% following aging at 900°C. Wires of sample B (60% cold work) with 31% RA prior to aging, responded to the thermal treatments differently. The RA values in these wires fell to 1% after aging at 700°C and recovered at higher temperatures. The onset of recovery and recrystallization caused the RA values to increase at the higher temperatures. These RA measurements are consistent with previous studies both on fine wires aged for short times [15] and on highly cold worked and large-diameter MP35N bars aged at 593°C for 4 h [16] . Research by Drapier et al. [6] indicated that bulk MP35N samples with similar temperature exposures may require many hours before a large ductility loss can be observed. The elastic moduli for both samples A and B were also measured as a function of aging temperature and prior cold work. The results, presented in Fig. 5 , show unusual behavior. Drawing fine MP35N wires resulted in a decrease in elastic modulus. The decrease in Young's modulus was of the order of 59-64 GPa between fully annealed and coldworked MP35N wire. Following 60 s exposures to elevated temperatures the elastic modulus began to recover until the microstructure was fully recrystallized and the elastic modulus reached the commonly reported values of about 230 GPa [17, 18] . The change in elastic modulus can be attributed to dislocations introduced during cold work that become pinned and bowed by solute atoms as suggested by Benito et al. [19] .
The maximum increases in the yield strength, ultimate tensile strength and elastic modulus, and decreases in the maximum elongation for these wires are summarized in Table 3 .
Electron backscatter diffraction measurements
Studies by Li et al. [20] showed that the mechanical and elastic properties of MP35N can be highly anisotropic and the texture of MP35N wires was found to have a significant effect on the modulus of elasticity and fatigue performance of the wires. EBSD was used in this study to characterize the preferred crystallographic orientations and to measure The analysis of the area fractions of the h1 1 1i and h0 0 1i texture components is shown in Fig. 7 . As can be seen, aging of MP35N wires does not alter the area fractions of the main texture components until the wires were exposed to temperatures of 900°C or above. These results indicate that the changes in mechanical properties or elastic modulus upon aging were probably not related to a texturing of the material. The OIM analysis also shows that, compared to wires with 37% prior cold work, the wires with 60% prior cold work have a considerably higher area fraction of [1 0 0] oriented grains. The differences in elastic moduli in samples A and B, seen in Fig. 5 , can be due to differences in sample texturing. MP35N specimens with a heavy [1 0 0] texture have been found to have a lower elastic modulus compared to those with a strong [1 1 1] texture [20] .
The average grain size was found to be 1.6 and 1.0 lm for cold-drawn wire samples A and B, respectively. The grain size remained consistent following aging treatments up to 1000°C, as shown in Fig. 8. 
Conventional and analytical transmission electron microscopy
To better characterize the effect of thermal treatments on MP35N wires and determine whether the changes in mechanical properties are result of microstructural changes, wires of sample A aged at 700°C for 60 s and 900°C for 60 s were investigated using TEM. Bright-field and dark-field (BF/DF) imaging and selected-area diffraction (SAD) analysis did not show the presence of any non-face-centered cubic (fcc) phases. However, deformation twins and stacking faults were observed in both samples. The concentrations and distribution of the deformation twins and faults remained unchanged after aging. Fig. 9 shows representative images of deformation twins found in sample A following a thermal treatment at 700°C for 60 s.
Samples of the aged MP35N rods were also analyzed for microstructural changes and for possible formation of second phases after exposure to elevated temperatures. TEM imaging and SAD analysis of as-drawn MP35N rods of samples C and D (25% and 48% prior cold work, respectively) showed again a microstructure consisting of deformation twins and stacking faults along {1 1 1} habit planes within a fcc matrix (Fig. 10) . No microstructural changes were observed after aging below the recrystallization temperature, regardless of prior cold work, and SAD showed no evidence of second-phase precipitates that could be responsible for changes in mechanical properties (Fig. 11) . Similar to cold-worked and aged MP35N wires, the microstructure of as-drawn and aged MP35N rods includes thin plate-like features that were identified as deformation twins, high area fractions of stacking faults, and dislocations. The aging process did not change the density of these microstructural features. These observations are consistent with a previous study by Singh and Doherty [8] .
Scanning transmission electron microscopy (STEM) was utilized for its range of analytical capabilities such as composition-sensitive high-angle annular dark-field (HAADF) imaging, energy dispersive X-ray spectroscopy (EDS) and electron energy loss spectroscopy (EELS). BF-STEM images of as-drawn and aged MP35N rodstock following aging at 600°C for 30 min showed deformation twinning and characteristic stacking fault fringes similar to those observed in conventional TEM images. HAADF-STEM images revealed bright contrast localized at stacking faults and deformation twins (Fig. 12 ) that can be attributed to alloying elements with the highest atomic number Z [21] . Mo (Z Mo = 42), which is present in MP35N alloys in considerable amounts (see Table 2 ), has an atomic number drastically higher than those of Cr (Z Cr = 24), Co (Z Co = 27) or Ni (Z Ni = 28), making it the element most likely to be observed segregating to stacking faults and deformation twins. Quantitative analysis of the HAADF-STEM images for evaluation of the Mo increase at stacking faults and deformation twins is limited due to lack of details of specimen thickness, thickness of surface amorphous layer and introduced local crystal strain [22] [23] [24] .
EDS measurements were performed to characterize the composition of the bright lines observed in these HAADF-STEM images. High concentrations of Mo at the stacking faults and deformation twins compared to the surrounding areas were observed. While areas around the stacking fault and deformation twin maintain an Mo concentration of about 9.9 ± 0.7 wt.%, as was expected, the actual fault and twins contain 12.6 ± 0.9 and 13.8 ± 1.2 wt.% Mo, which is about 25-40% higher than the matrix as shown in Fig. 13 . It also showed that with Table 3 Maximum changes in mechanical properties of aged MP35N wires. an increase in Mo concentration at the stacking faults and deformation twins, a reduction in Ni and Co can also be expected. The results agree with the hypothesis of Suzuki segregation suggested by Singh and Doherty [8] and Asgari et al. [9] . Interestingly, no visible changes in the local concentration of Cr were observed near stacking faults or deformation twins. Energy-filtered (EF) TEM was also performed to confirm the EDS observations of preferential segregation of Mo at stacking faults and deformation twins. Sample D aged at 600°C for 30 min was used for this experiment. Since the Mo M 4,5 edge EELS signal has a delayed peak and is relatively featureless, the Ni and Co L 2,3 edges were used for energy filtering [25] . The results are presented in Fig. 14. As can be seen, the zero-loss EF-TEM image contains regions of low contrast that correspond to deformation twins. It also shows that the intensity of the combined Ni and Co L 2,3 edges was reduced at the twins by about 5-10% and was slightly higher in adjacent regions. This is consistent with EDS observations of Mo increase coupled with Ni and Co concentrations decreasing at the stacking faults and deformation twins.
D Tensile strength (%)
D Yield stress (%) D Elongation (%) D Elastic modulus (%) 37% +15 +21 À68 +28 60% +18 +27 À53 +27
Discussion
While mechanical tests can be used to measure the change in yield stress, ultimate elongation, ductility, and elastic modulus, understanding the mechanisms responsible for the secondary hardening phenomena in MP35N after aging at elevated temperatures requires an understanding of the changes in the microstructure. EBSD measurements showed that the area fractions of the major texture components and average grain sizes remained unchanged after aging of the specimens until the onset of recrystallization. A study using conventional TEM found no indications of Co 3 Mo precipitates or hcp martensite as suggested previously [6] [7] [8] . While formation of twins, faults and hcp platelets could in principal increase the strength of a material through a Hall-Petch-type process, only deformation twins, stacking faults and dislocation pile-ups were observed, and there was no evidence of hcp platelets. This is consistent with investigations by Asgari et al. [9] , Ishmaku and Han [10, 11] and Cai et al. [12] . Since grain size did not decrease following aging, including nucleation or thickening of twins, a secondary strengthening mechanism related to the Hall-Petch effect can also be ruled out.
STEM imaging and compositional analysis revealed that the local chemistry changes at stacking faults and microtwins while large area fractions of these defects were observed as seen in Fig. 15 . The results confirm the existence of Suzuki segregation [26] in MP35N as hypothesized by Singh and Doherty [8] and Asgari et al. for the mechanism of secondary hardening [9] . Such preferential segregation of solute atoms to stacking faults and twins has been experimentally shown for other alloys, such as MP159 [27] . The results of electron diffraction investigations performed in this study and synchrotron X-ray experiments [12] showed no additional phases. This suggests that segregated Mo atoms remain as a solid solution with only local concentration changes with respect to the matrix.
Typical age-hardened alloys are strengthened by second phases that nucleate and grow after precipitating from a supersaturated solid solution. MP35N does not age by precipitating out second-phase particles or nucleating hcp plates. It preferentially segregates Mo at stacking faults and twins. The minimization of free energy by adsorption of the hcp-stabilizing element Mo to stacking faults and twins, and repulsion of the fcc-stabilizing solute atoms Co and Ni to the matrix appears to be the driving force. MP35N wires are heavily deformed during cold drawing and contain large vacancy concentrations and deformation twins that assist short-range ($1 nm) self-diffusion [28] . The high concentrations of vacancies created during wire processing and the short diffusion distances could explain the rapid diffusion of Mo at elevated temperatures. It appears that the segregation of Mo at stacking faults and twins increases dislocation barriers, resulting in an increase in strength and a reduction in the ductility of aged MP35N.
Conclusions
After performing systematic mechanical tests and atomic-resolution characterization it is observed that a brief exposure to elevated temperatures increased the ultimate tensile strength and yield stress while decreasing the elongation of MP35N wires. Following cold drawing, the elastic modulus of MP35N decreased from 234 GPa to approximately 175 GPa. Upon aging at temperatures from 300 to 900°C the elastic modulus increased although no changes in crystallographic orientation were observed. The grain size and major texture components do not change during aging until the onset of recrystallization. The microstructure of MP35N was found to consist of deformation twins and stacking faults, and the area fractions of these defects did not change following aging. TEM/STEM SAD and BF/DF imaging did not show formation of any second phases including hcp martensite. STEM characterization showed that Mo segregated at twins and stacking faults. Mo concentrations at stacking faults were found to be proportional to the amount of prior cold work, which agrees with the degree of strengthening observed during tension testing.
